Background: Necroptosis is a regulated signaling pathway leading to necrotic cell death. Results: Genetic mapping identified that down-regulation of the deubiquitinase CYLD confers resistance to necroptosis in a wild-derived mouse strain. Conclusion: Different strains of inbred mice regulate cell death pathways using distinct mechanisms. Significance: Genetic diversity of wild-derived mice underlies phenotypic diversity, which can identify novel mechanisms of regulation in cell death signaling.
Macrophages and other phagocytes contribute to the first tier of defense against an invading pathogen by producing proinflammatory cytokines such as TNF and IL-6 to potentiate activation of the innate immune system and prime B and T cell responses (1) . As a result of excessive inflammation or as an alternative to it, programmed cell death pathways can be activated to cause apoptosis or necrosis through specific cell signaling pathways (2) . Necroptosis (also called programmed necrosis) is a caspase-independent cell death mechanism underlying certain host-pathogen interactions. Necroptotic cell death has been shown to drive systemic inflammatory response syndrome and sepsis (3) , whereas pathogens such as vaccinia virus and CMV block caspases via expression of caspase inhibitors, requiring necroptosis for efficient clearance by the host (4, 5) . In each case, the ability for a host to control infection is determined, in part, by how effectively macrophages either activate an immune response or restrict the spread of infection by undergoing cell death.
To understand how macrophages regulate the balance between necroptosis and cytokine production, we examined signaling molecules shared by these pathways downstream of TLR 2 activation. RIP1, a serine/threonine death domain-containing kinase, is directly involved in both inflammatory and necroptotic responses, and posttranslational modification of RIP1 through multiple types of ubiquitination (6) and caspase 8-mediated cleavage (7) (8) (9) regulates its activation. It is well established in the context of TNF receptor 1 (TNFR1) that signaling RIP1 modified by lysine 63-linked polyubiquitination and linear ubiquitination promotes signaling to NF-B, activating prosurvival and proinflammatory signals as a scaffold protein without the use of its kinase activity (10, 11) . By contrast,deubiquitinated RIP1 is a prodeath molecule that triggers RIP1 kinase-dependent necroptosis through RIP3 and the pseudokinase mixed-lineage kinase domain-like (10, (12) (13) (14) (15) . A deubiquitinase that drives necroptosis is CYLD, which specifically removes lysine 63 and linear ubiquitin chains from its targets (16) . CYLD promotes necroptosis through its deubiquitinase activity on RIP1 (17) (18) (19) , and cleavage to inactivate CYLD is a critical regulatory function of caspase 8 to prevent necroptosis (18) . Chemical blockade of caspase activity or down-regulation of caspase 8 predisposes cells to die by necroptosis because of the loss of the inhibitory activity of caspase 8 on CYLD and RIP1 (20 -22) .
In a forward genetic approach, we used the wild-derived inbred MOLF/EiJ (MOLF) mouse strain to interrogate RIP1 function and regulation of necroptosis in this mouse strain when compared with a classical inbred mouse strain such as C57BL/6 (B6). Our work is part of an ongoing effort to genetically map regulators of the inflammatory response in wild-derived mice. This mouse model, which is an evolutionarily divergent representative of the Mus musculus molossinus subspecies, allows us to exploit a reservoir of diverse phenotypes in the context of innate immune signaling (23) (24) (25) . Furthermore, in some instances, MOLF inflammatory responses more closely resemble human responses downstream of TLRs, rendering this model highly relevant to human health (26) . Our approach allows for the discovery of naturally occurring phenotypic differences between wild-derived strains and classical inbred strains.
To identify mechanisms by which necroptosis is regulated in wild-derived mice, we established an unbiased genetic screen that is dependent on RIP1 kinase activity. Macrophages from the wild-derived MOLF/Ei mouse strain were resistant to TLRmediated necroptosis compared with C57BL/6 (B6). Linkage analysis identified Cyld as the gene conferring resistance of MOLF macrophages to necroptosis. In MOLF macrophages, we describe a novel mechanism of acute down-regulation of CYLD through differential pausing or stalling of RNA polymerase II (Pol II) at the Cyld promoter, thereby resulting in low levels of CYLD at the mRNA and protein levels in activated MOLF macrophages. Such down-regulation of this pronecroptotic protein as a result of decreased transcription of CYLD prevents necroptosis in MOLF peritoneal macrophages.
EXPERIMENTAL PROCEDURES

Mice and Isolation of Primary Cells-The C57BL/6, MOLF/ Ei, TNFR1
Ϫ/Ϫ (C57BL/6-Tnfrsf1a tm1Imx ), IL1R1
Ϫ/Ϫ (B6.129S7-Il1r1 tm1Imx ), and NOD2 Ϫ/Ϫ (B6.129S1-Nod2 tm1Flv ) strains were obtained from The Jackson Laboratory. Mice were housed in a pathogen-free facility at Tufts University School of Medicine. All experiments with mice were performed in accordance within regulations and with the approval of the Tufts University Institutional Animal Care and Use Committee. Peritoneal macrophages were isolated from 6-to 10-week-old mice. Mice were injected with 1 ml of 3% thioglycollate, and cells were collected by peritoneal lavage with cold PBS. Cells were resuspended, plated, and stimulated 4 h after plating in DMEM with 10% FBS (Atlas Biologicals and Atlanta Biologicals), 1% PenStrep (Invitrogen) at 37°C in 5% CO 2 . Bone marrow cells were isolated by washing femurs with cold RPMI medium. Cells were centrifuged for 10 min at 1000 rpm. Cell pellets were resuspended in BMDM differentiating medium (RPMI medium with L-glutamine, 20% FBS, 28% L-cell conditioned medium, and 1% Pen-Strep) and cultured for 7-8 days at 37°C in 5% CO 2 to mature to macrophages.
Cell Lines-HEK293 and L929 cells were obtained from Dr. R. Isberg (Tufts University) and grown in DMEM, 10% FBS, and 1% Pen-Strep or RPMI medium, 10% FBS, and 1% Pen-Strep, respectively. Immortalized RIP1 Ϫ/Ϫ fetal liver-derived macrophages and immortalized RIP3 Ϫ/Ϫ BMDM were obtained from Dr. K. Fitzgerald (University of Massachusetts) and grown in DMEM, 10% FBS, and 1% Pen-Strep. RAW264.7 macrophages were obtained from the ATCC and cultured in DMEM, 10% FBS, and 1% Pen-Strep.
Reagents-Salmonella minnesota Re595 LPS was purchased from Enzo Biochem Inc. Poly I:C-LMW, Imiquimod (R837), CL-097, and lipoteichoic acid (purified from Staphylococcus aureus) were purchased from Invivogen. CpG oligodeoxynucleotides were synthesized by Integrated DNA Technologies. Z-VAD(OMe)-FMK was purchased from Bachem (catalog no. N-1560). Necrostatin 1 was purchased from Sigma. SM164 was obtained from Dr. A. Degterev (Tufts University). GAPDH antibody (catalog no. 2118) was purchased from Cell Signaling Technology. CYLD antibody (clone E10) was purchased from Santa Cruz Biotechnology.
Genetic Mapping and Analysis-Peritoneal macrophages were elicited as described above from N2 or F2 mice. Genomic DNA was isolated from all mouse tails using a DirectPCR (Viagen) or DNeasy blood and tissue kit (Qiagen). Genome-wide genotyping was performed by PCR of known microsatellite markers per chromosome using primers obtained from Jackson Laboratories Mouse Genome Informatics. Genotyping PCR reactions were performed using JumpStart Red Taq (Sigma), and PCR products were electrophoresed on 3.5% agarose gels. Quantitative trait locus analysis was performed using QTXb software.
DNA Sequencing-Genomic DNA or cDNA was amplified using Phusion high-fidelity DNA polymerase (New England BioLabs). PCR products were electrophoresed on a 1.2% agarose gel and extracted using a QIAquick gel extraction kit (Qiagen). DNA was sequenced from gene-specific primers using an ABI 3130XL DNA sequencer at the Tufts University Core Facility.
Phenotypic Assays-Peritoneal macrophages were plated in 96-well plates at a density of 5 ϫ 10 4 cells/well. Cell viability was measured 18 h post-stimulation using a CellTiter-Glo luminescence ATP viability assay (Promega), and data were presented as a percentage of the signal from treated cells to cells in medium with vehicle (DMSO). For ELISA, BMDM were plated at a density of 1 ϫ 10 5 cells/well in a 96-well plate or 2 ϫ 10 5 cells/well in a 48-well plate. After stimulation, TNF protein concentrations measured from cell-free supernatants using ELISA kits purchased from R&D Systems (catalog no. DY410). RNA Preparation and Analysis-Cells were lysed with TRIzol (Invitrogen) or TriPure (Roche) isolation reagent, and RNA was extracted according to the instructions of the manufacturer. For 5Ј rapid amplification of cDNA ends, mRNA was extracted and amplified using the GeneRacer kit (Invitrogen) according to the protocol of the manufacturer. A gene-specific primer within CYLD was used for initial RNA priming (CAC-AGTGTCCAGGGCAGAACTAAAAGCA), and the GGCCC-TGGATGCCTTTCTTCTTTCCA and TTAGGTGGAGTA-TTTTCTTCTACTAC primers were used to amplify CYLD mRNA species in combination with forward primers amplifying from the RNA oligo added by the GeneRacer kit. A ribonuclease protection assay was performed using the RPA II ribonuclease protection assay kit (Ambion) according to the protocol of the manufacturer. Primers used to generate the probe for RPA were as follows: CYLD, GTCTAGCGAGAACAGATT-CCAC (forward) and ATCTCTAAACCTTCCTTTTCCA (reverse). For Northern blot hybridization, total RNA was electrophoresed on a 1.2% agarose gel, transferred to a Hybond-N membrane (Amersham Biosciences-GE) by the capillary method. After prehybridization with QuikHyb (Stratagene), the membrane was hybridized with a Cyld-specific radioactive probe amplified using the primers GATTCCTTTTAGCAGA-GCAG (forward) and AATTGTACTTTCAACACTTGC (reverse) and exposed to film overnight. To generate cDNA, reverse transcription was performed using M-MuLV reverse transcriptase, RNase inhibitor, random primers 9 (for qPCR) or oligo(dT) (for cloning), and dNTPs (New England BioLabs). cDNA was analyzed for mRNA expression levels using SYBR Green and TaqMan probe-based gene expression analysis with the following custom, full-length, specific CYLD primer/probe: GCTCAGTGACGTGCTAGCT (forward) and GCGTGCCC-CTGAAAGTTC (reverse), Probe(FAM)-CTGGAACTGGAA-GATGAA (Applied Biosystems). A Gapdh-specific TaqMan probe (catalog no. 4352339) was used to normalize mRNA expression.
Protein Lysis and Western Blot Analysis-To prepare wholecell lysates, cells were lysed on ice with a cytoplasmic lysis buffer (50 mM Tris (pH 8), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM sodium vanadate, and 10 mM NaF) supplemented with Halt protease inhibitor mixture (Thermo Fisher Scientific) for 10 min. Lysates were centrifuged for 10 min at 13,000 rpm at 4°C. Cleared lysates were mixed with Laemmli sample buffer and boiled for 10 min. Protein lysates were resolved on a 4 -12% gradient BisTris SDS gel (NuPAGE, Invitrogen) and transferred to a nitrocellulose membrane. After incubation with proteinspecific antibodies, chemiluminescence was detected using ECL substrate (Thermo Fisher Scientific).
Lentiviral Knockdown/Overexpression-shRNA plasmids in the pLKO.1 vector were purchased from Open Biosystems (Thermo Scientific). A GFP-targeting shRNA hairpin was used as a control (Addgene, catalog no.12273). The Cyld-targeting shRNA vector was clone ID TRCN0000030991. The CYLD overexpression construct was cloned from cDNA into a pLEX lentiviral expression vector. Lentiviral particles were generated by transfecting the shRNA expression construct (pLKO.1 construct) with the packaging constructs psPAX2 (lentivirus packaging) and pMD2.G (VSV G) into HEK293 cells using X-tremeGENE9 DNA transfection reagent (Roche). Supernatants were collected 48 and 72 h after transfection, pooled, and filtered using a 45-m filter. BMDM and RAW264.7 cells were transduced by incubation with lentiviral supernatant for 24 h. Infected clones were selected by culturing with 3 g/ml (BMDM) or 5 g/ml (RAW) puromycin for 48 -72 h.
siRNA Transfection-Following peritoneal lavage, macrophages were plated and allowed to adhere for 4 h prior to transfection. Peritoneal macrophages were transfected with 100 nM siRNA using the N-TER nanoparticle siRNA transfection system (Sigma). Cells were transfected for 24 h before cell death assays were initiated. Gene-specific and control siRNA duplexes were obtained from Integrated DNA Technologies with the following sequences: siCYLD, GGUUUAGAGAUAA-UGAUUGGAAAGA; negative control, CGUUAAUCGCG-UAUAAUACGCGUAT.
Chromatin Immunoprecipitation-To prepare chromatin, 1 ϫ 10 7 peritoneal macrophages from MOLF and B6 were stimulated with LPS for 2 h. Cells were cross-linked with 1% formaldehyde for 10 min at room temperature. The reaction was stopped by adding glycine to a final concentration of 0.125 M and incubating for 5 min. After washing twice with cold PBS, cells were resuspended and centrifuged at 2000 rpm for 5 min at 4°C. Cells were rinsed once with 1 ml of PBS with protease inhibitors and then resuspended in cold lysis buffer (5 mM PIPES (pH 8), 85 mM KCl, and 0.5% Nonidet P-40) and incubated for 10 min on ice. After centrifugation at 5000 rpm for 5 min at 4°C to pellet the nuclei and discard the supernatant, the nuclei were resuspended in nucleus lysis buffer (50 mM Tris-Cl (pH 8.1), 10 mM EDTA, and 1% SDS) with protease inhibitors and incubated on ice for 10 min. Samples were then diluted with ChIP dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl (pH 8.1)) and protease inhibitors. Chromatin was sonicated with a Branson 350 sonifier. After sonication, samples were microfuged at 14,000 rpm for 10 min at 4°C, and supernatants were kept. Lysates were precleared with agarose beads for 1-2 h. After microfugation to remove agarose, a small fraction of supernatant was kept for input DNA control. Agarose⅐anti-RNA Pol II antibody N-20 (catalog no. sc-899X) complex was added to the sample, diluting the SDS to 0.1% using ChIP dilution buffer, and incubated overnight at 4°C. The following day, samples were washed for 30 min in wash buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl (pH 8), and 150 mM NaCl), for 30 min in wash buffer 2 (identical to wash buffer 1 but with 500 mM NaCl), and for 30 min in radioimmune precipitation assay buffer (50 mM HEPES (pH 7.6), 1 mM EDTA, 0.7% sodium deoxycholate, 1% Nonidet P-40, and 0.5 M LiCl). The three wash steps were repeated. Samples were washed twice with 1 ml of cold Tris-EDTA (pH 7.6). Next, 100 l of 1% SDS and 0.1 M NaHCO 3 were added to the ChIP sample and input control and incubated for 30 min at room temperature. Solutions were then incubated for 9 h at 65°C, purified with a QIAquick spin kit (Qiagen), treated with RNase mixture, and the DNA amounts in the input and immunoprecipitation were quantified using Nanodrop 2000 (Thermo Scientific). Quantitative PCR was performed using SYBR Green (as described above) using primers in the Cyld promoter with the following sequences: (Ϫ700), AGGTAG-AGGGTGGAAAGC (forward) and CTCTTTCTGTCCTCAG-ATGG (reverse; (Ϫ300), CCCACCCTAGTTTTGACAGC (forward) and GCCAGTGTCATGTCACCATT (reverse); (TSS), CGGATCTCTGAATACGATTGG (forward) and CAGCCGA-ACCTGCTACCTG (reverse); (ϩ300), ACGAGCTTCTGACGT-CAACC (forward) and CCCTGTGGTGCAGGAGTC (reverse); and (ϩ700), TTATGGTCAGCCTTGGAGGA (forward) and GCA-GCTGACCCAGATGAACT (reverse).
Statistical Analysis-Values are presented as mean Ϯ S.E. or S.D. Statistical significance was determined using Student's t test.
RESULTS
Establishing a Genetic Screen for TLR-induced Necroptosis-
Necroptosis is a caspase-independent cell death pathway activated during host-pathogen interactions and can be activated by RIP homotypic interaction motif domain-containing TLR3 and TLR4 in the presence of caspase inhibitors (21, 27) . To investigate whether MyD88-dependent TLRs can also mediate necroptosis, B6 thioglycollate-elicited peritoneal macrophages were stimulated ex vivo with synthetic TLR agonists (TLR3, polyI:C, TLR7, imiquimod (IMQ), or CL-097) or purified bacterial components (TLR2, lipoteichoic acid, TLR4, or LPS) in the presence of the pan-caspase inhibitor zVAD. In keeping with previous findings (21, 27, 28) , TLR3 and TLR4 induced RIP1 kinase-dependent necroptosis (Fig. 1A) . TRIF-independent, MyD88-dependent TLR2, TLR7, and TLR9 also activated caspase-independent cell death, which was blocked by the specific inhibitor of RIP1 kinase activity Necrostatin 1 (Nec-1) (17) .
To determine whether an intrinsic signaling cascade mediates MyD88-dependent necroptosis, like TRIF-dependent necroptosis, or whether it requires signaling through the TNF receptor (TNFR1), we stimulated TNFR1 Ϫ/Ϫ peritoneal macrophages with TLR agonists in the presence of zVAD. TLRs that are entirely MyD88-dependent (TLR2, TLR7, and TLR9) required TNFR1 to induce necroptosis, whereas TLRs that can engage TRIF did not require TNFR1 (Fig. 1B) . IL-1R1 deficiency had no impact on cell death (Fig. 1C) . Because TRIF-dependent necroptosis is activated via an intrinsic mechanism, whereas activation of MyD88-dependent necroptosis requires TNFR1, these data suggest that autocrine production of TNF is necessary for MyD88-dependent, but not for TRIF-dependent, TLR-mediated necroptosis, as described recently using TNFdeficient macrophages (27) .
Necroptosis can be activated in the presence (12) or absence (4) of RIP1. To determine whether TLR-mediated necroptosis required RIP1 and RIP3, macrophage cell lines deficient in these genes were stimulated with TLR agonists in the presence of zVAD. Both RIP1 Ϫ/Ϫ and RIP3 Ϫ/Ϫ macrophages were protected from necroptosis induced by MyD88-and TRIF-dependent TLRs (Fig. 1, D and E ). These data demonstrate that TLR stimulation in the presence of caspase inhibitors requires both RIP1 kinase activity and RIP3 to induce necroptotic cell death, in agreement with previous reports (21, 27) . Although TLRs that signal through the adapter MyD88 require TNFR1, TRIFmediated necroptosis does not (27) . Although the TNRF1-and TRIF-dependent signaling cascades differ, they likely share many regulatory and effector mechanisms. Furthermore, these data establish a molecular basis for a novel genetic screen we employed in primary mouse macrophages.
RIP1 Kinase Activity Promotes Necroptosis in B6 and Cytokine Production MOLF Macrophages-Next, we tested whether macrophages from parental strains (B6 and MOLF) displayed a different susceptibility to necroptosis induced by TLRs. As we reported previously, MOLF macrophages are more robust producers of some proinflammatory cytokines, such as IL-6, compared with B6 macrophages because of preferential expression of the proinflammatory isoform of IRAK2 (29) . However, the MOLF signaling network incorporates negative regulators of TLR signaling that are not expressed in B6 macrophages, such IRAK1BP1, to dampen some of these proinflammatory effects (24, 30) . Because of their genetic diversity, proinflammatory disposition, and distinct TLR signaling network, we examined the susceptibility of MOLF macrophages to TLR-induced necroptosis under conditions in which macrophages from the classical inbred strain B6 undergo cell death. Specifically, peritoneal macrophages were activated with the TLR4 agonist LPS or the TLR7 agonist IMQ in the presence or absence of zVAD. Although B6 macrophages were susceptible to cell death Ϫ/Ϫ (B), or IL1R1 Ϫ/Ϫ (C) peritoneal macrophages stimulated for 18 h with lipoteichoic acid (LTA) (2 g/ml), IMQ (5 g/ml), CL-097 (1 g/ml), CpG (200 nM), polyI:C (10 g/ml), or LPS (100 ng/ml) in the presence of zVAD (12.5 M) with or without the RIP1 kinase inhibitor Nec-1 (30 M). Immortalized macrophage cell lines lacking RIP1 (D) or RIP3 (E) were stimulated with TLR agonists in the presence of zVAD (Z) (100 or 50 M, respectively) with or without Nec-1 (N). Cell viability was measured by ATP levels using the CellTiter-Glo assay (Promega). Values are a percentage of viable treated cells relative to cells in medium with vehicle (DMSO), shown as mean Ϯ S.E. Shown is one representative experiment of at least three independent experiments. Statistical significance was determined by two-tailed Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.001; ***, p Ͻ 0.0001; ns, not significant.
induced by TLR stimulation in the presence of zVAD, MOLF macrophages were resistant ( Fig. 2A) . Importantly, this difference was dependent on the kinase activity of RIP1 because kinase inhibition with Nec-1 significantly increased survival of B6. Macrophages from either strain activated without zVAD showed no decrease in viability. Furthermore, peritoneal macrophages from F1 (B6xMOLF) hybrids showed intermediate susceptibility, suggesting a codominant inheritance pattern amenable to classical genetic analysis (Fig. 2B) .
Next, we assessed the contribution of RIP1 kinase to cytokine responses of LPS-stimulated B6 and MOLF macrophages. In response to stimulation with LPS, B6 BMDM produced twice as much TNF as MOLF BMDM. This difference was abrogated upon addition of zVAD, which increased TNF production in MOLF to the same level as B6 (Fig. 2C) . However, addition of the RIP1 kinase inhibitor Nec-1 reversed the effect of zVAD in MOLF while only slightly reducing B6 TNF production, suggesting a larger contribution of RIP1 kinase activity to cytokine production in MOLF than in B6, which could be relevant to improved survival of MOLF macrophages.
Notably, the differential effect of RIP1 on necroptosis or TNF production was observed only in the presence of zVAD. Because Nec-1 had a minor effect on MOLF macrophage survival but dramatically increased B6 viability, we conclude that the kinase activity of RIP1 has a more prominent role in promoting necroptosis in B6 than MOLF macrophages. In contrast, the kinase activity of RIP1 affects TNF production in MOLF but not B6 macrophages, suggesting different roles for RIP1 between the strains during inflammatory responses. In B6, the engagement of RIP1 as a kinase leads to necroptosis, whereas in MOLF, it functions to promote TNF production. Taken together, these data lead us to propose a model in which B6 and MOLF employ RIP1 kinase activity differently, which can be used to map genetic traits that require RIP1 kinase activity.
Resistance to Necroptosis in MOLF Macrophages Is Linked to Cyld-Forward genetic analysis provides the opportunity to uncover genes that contribute to a given trait using an unbiased approach. We mapped the resistance to necroptosis trait on a panel of 67 N2 mice (B6x(B6xMOLF)) by using peritoneal macrophages stimulated with the TLR7 agonist imiquimod and zVAD to induce necroptosis. All phenodeviants were genotyped across the entire genome, and the association between the genotype and the phenotype, the logarithm of odds, was calculated. Resistance to necroptosis was mapped to two distinct loci, confirming that this phenotype is a complex trait conferred by multiple genes and is subject to quantitative trait linkage analysis. A locus on chromosome 8 demonstrated the strongest linkage to the trait (logarithm of odds ϭ 6.7), and the MOLF allele at a marker within the region of the highest linkage (D8Mit51) conferred resistance to cell death (Fig. 3A) . The second locus (logarithm of odds ϭ 2.89) is located on chromosome 1 in a 38-Mb region, and the MOLF allele also promotes resistance to necroptosis.
To establish a list of candidate genes within the locus on chromosome 8, we further narrowed the genomic area of interest using additional microsatellite markers. We considered candidate genes that were expressed in macrophages and prioritized the examination of genes with a known connection to cell death or innate immunity. The linked 5.1-Mb region, flanked by the microsatellite markers D8Mit238 and D8Mit81, contains the candidate genes, Nod2 and Cyld, adjacent genes separated by 8.5 kilobases. Nod2 encodes a pattern recognition receptor that senses bacterium-derived muramyl dipeptide (31) and has been described to have functions in autophagy and inflammasome activation (32) . Nod2 knockout mice on a B6 background showed no change in susceptibility to TLR-induced necroptosis, suggesting that Nod2 is not the gene conferring this trait (Fig. 3B) . The Nod2 knockout results, together with the mapping data, allowed us to focus on the deubiquitinase Cyld as the main gene candidate. Importantly, other critical mediators of necroptosis, such as Ripk1, Ripk3, and Mlkl, are not located within the regions of linkage on chromosomes 1 or 8, allowing us to dismiss intrinsic, cis-acting differences in these genes from conferring resistance to necroptosis in MOLF because we did not map to the loci in which these genes reside.
Necroptosis activated by the TLR7 agonist imiquimod relies on TNFR1 for activation (Fig. 1B) , making it possible that a difference in autocrine TNF production by each strain of macrophages underlies the differences in activation of necroptosis. To rule out this possibility, we measured levels of TNF production from peritoneal macrophages of each strain after imiquimod stimulation. In both the presence and absence of zVAD, MOLF macrophages produced TNF levels similar to B6 macrophages (Fig. 3C) , suggesting that a different degree of autocrine TNF signal is not the likely cause of a difference in susceptibility to necroptosis between the strains.
To further investigate at which point in the pathway MOLF necroptosis signaling differs from B6, we treated activated cells with a Smac mimetic, SM164 (33) , that degrades the E3 ubiquitin ligases cellular inhibitor of apoptosis 1 and 2 (cIAP1/2), which ligate Lys-63-linked polyubiquitin chains to RIP1 (10) . Depletion of cIAP1/2 with SM164 sensitizes cells to necroptosis (28, 34) . In macrophages, SM164 treatment abrogated (LPSϩZ) or substantially reduced (IMQϩZ) the difference between strains in resistance to necroptosis (Fig. 3D ). These data demonstrate that MOLF peritoneal macrophages can become sensitized to necroptosis by disrupting enzymes that control RIP1 ubiquitination. Taken together with the dependence of the trait on RIP1 kinase activity, as evidenced by the loss of a difference between the strains by blocking this activity with Nec-1, these data strongly suggest that the gene conferring resistance in MOLF exerts its effect at or upstream of the level of RIP1 and cIAP1/2.
The deubiquitinase CYLD, the gene for which is located within the genomic region linked to MOLF resistance to necroptosis, is known to promote necroptosis downstream of TNFR1 (20) and exerts its effect directly upon RIP1 (18) . On the basis of the data showing that depletion cIAP1/2, which presumably reduces RIP1 ubiquitination, promotes susceptibility to TLR-induced necroptosis in MOLF, we hypothesized that low levels of CYLD in MOLF macrophages would prevent deubiquitination of RIP1 and result in less necroptosis activation. In a panel of F2 mice (an intercross of B6ϫMOLF F1 mice), we show that CYLD mRNA levels are significantly lower after 4 h of LPS stimulation in F2 mice containing a homozygous MOLF Cyld allele (in close proximity to D8Mit51) when compared with mice homozygous for the B6 allele (Fig. 3E ). Although contribution of other genes may impact CYLD expression, these data show that a cis-acting element in the MOLF Cyld locus is sufficient to cause decreased expression of this deubiquitinase.
CYLD Promotes TLR-induced Necroptosis-To investigate whether CYLD knockdown in peritoneal macrophages can prevent TLR-induced necroptosis, we used small interfering RNA to deplete CYLD protein levels in B6 peritoneal macrophages. A double-stranded siRNA targeting CYLD or a negative control siRNA were transfected into B6 peritoneal macrophages, followed by activation with LPS or imiquimod in the presence of zVAD. Knockdown of CYLD was sufficient to reduce susceptibility to necroptosis (Fig. 4A) . Primary peritoneal macrophages are difficult to efficiently transfect and have a short life span outside of the mouse. However, compared with negative control siRNA, we achieved nearly 40% knockdown at the protein level (Fig. 4B) and 75% knockdown at the RNA level ( Fig. 4C ) with CYLD-targeting siRNA. This partial knockdown explains the significant, but not complete, rescue of cell viability in B6 peritoneal macrophages. The observation that the difference between strains in susceptibility to necroptosis can be diminished by the inhibition of cIAP1/2 that ubiquitinate RIP1 (Fig.  3D ) further supports the hypothesis that an enzyme that modifies ubiquitin, such as CYLD, underlies the phenotype in MOLF macrophages.
To demonstrate that CYLD overexpression promotes TLRmediated necroptosis in a cell line derived from peritoneal macrophages, we expressed a lentiviral vector containing CYLD in RAW264.7 macrophages and observed an increase in TLR-induced necroptosis in cells overexpressing CYLD at mRNA levels 2.5-fold higher than controls (Fig. 4, D and E) . Although it is possible that CYLD overexpression bypasses the requirement for a TLR signal, we observe a significant decrease Ϫ/Ϫ and B6 (WT) peritoneal macrophages were stimulated for 18 h with IMQ (5 g/ml) or LPS (100 ng/ml) and zVAD (Z) (12.5 M) Ϯ Nec-1 (N) (30 M). Viability was measured by CellTiter-Glo ATP assay. C, B6 and MOLF peritoneal macrophages stimulated for 8 h with IMQ (5 g/ml), IMQϩzVAD (12.5 M), or IMQϩzVADϩNec-1 (30 M). TNF production in supernatants was measured by ELISA. Unstim, unstimulated. D, B6 and MOLF peritoneal macrophages stimulated for 18 h with LPS (100 ng/ml) or IMQ (5 g/ml) in the presence or absence of the SM164 (SM) (100 nM), zVAD (12.5 M), and Nec-1 (30 M). E, peritoneal macrophages from 20 F2 mice were stimulated for 4 h with LPS (100 ng/ml). CYLD mRNA levels were measured by qPCR. Samples from each mouse were sorted by genotype at D8Mit51. MAY 16, 2014 • VOLUME 289 • NUMBER 20 in cell viability in LPSϩzVAD-and IMQϩzVAD-treated cells relative to untreated controls, suggesting that CYLD promotes TLR-induced cell death.
Down-regulation of CYLD in Wild-derived Mice
The role of CYLD in promoting necroptosis has been elucidated exclusively with respect to TNFR1-mediated signaling (18) , whereas its role in TLR-mediated necroptosis is unknown, despite controversial reports on negative regulation of TLRmediated signaling by CYLD (35, 36) . We (Fig. 1B) and others (27) have shown that MyD88-dependent TLRs require autocrine TNF signaling for initiation of necroptosis, whereas engagement of the TRIF adaptor by TLR4 and TLR3 overcomes such a requirement. To investigate whether CYLD positively regulates TRIF-dependent (TLR3/TLR4) mediated necroptosis, we performed knockdown of CYLD with short hairpin RNA introduced through lentiviral infection in TNFR1-deficient BMDM. Stimulation with LPS or polyI:C and zVAD resulted in cell death in the control siGFP-infected cells, whereas CYLD knockdown was able to substantially, albeit not completely, protect these cells from necroptosis (Fig. 3G) . The efficiency of CYLD knockdown at the protein level was assessed by Western blot analysis (Fig. 3H ).
Without TNFR1, autocrine TNF/TNFR1 signaling is absent, and cell death is activated only through intrinsic signaling through TLR3 or TLR4. Here we demonstrate that CYLD promotes TLR3-and TLR4-mediated necroptosis directly, implicating CYLD-mediated deubiquitination of RIP1 as a critical regulatory step in TLR-induced necroptosis in addition to its known role in TNF-mediated cell death. However, because we do not see a complete rescue of cell viability in CYLD knockdown cells, we cannot rule out a role for other deubiquitinases in addition to CYLD to drive TRIF-dependent necroptosis.
MOLF Macrophages Acutely Down-regulate CYLD-To further investigate how the MOLF Cyld locus protects from TLRinduced necroptosis in peritoneal macrophages, we sequenced cDNA in the protein-coding region but found no coding polymorphisms. Next, we compared CYLD expression in B6 and MOLF peritoneal macrophages, reasoning that, because CYLD is a tightly regulated gene, non-coding differences affecting mRNA or protein expression, mRNA splicing, or stability might be responsible for the phenotype (37) . Two isoforms of CYLD generated by alternative splicing have been described in spleens of B6 mice, a full-length isoform and a splice isoform lacking exons 7 and 8 (38) . The splice isoform is generated by alternative splicing of exon 6 to exon 9, which produces an mRNA lacking exons 7 and 8 but does not introduce a frameshift in the coding region. Interestingly, the protein domains of CYLD coded from exons 7 and 8 are required for the interaction of CYLD with important binding partners such as NF-B essential modifier and TRAF2/6 (38, 39) .
To assess whether alternative splicing between the fulllength and exon7/8 splice isoform of CYLD differentially occurs in B6 and MOLF mice, we performed 5Ј rapid amplification of cDNA ends on unstimulated and LPS-stimulated peritoneal macrophages. B6 macrophages expressed mRNA from the full-length and splice isoforms in unstimulated and LPSstimulated cells, whereas MOLF macrophages expressed the full-length isoform in unstimulated cells and lose expression of this isoform after LPS stimulation, instead producing the splice isoform (Fig. 5A) . However, the splice isoform was not detected by Western blotting in either strain, and this isoform does not appear to be expressed at the protein level in macrophages. Alternative splicing of CYLD mRNA could be an interesting aspect of regulation between the strains, even in the absence of splice isoform protein expression. However, it is beyond the scope of this report. Here we focus on characterizing the downregulation of the full-length, functional isoform of CYLD in MOLF peritoneal macrophages.
Accordingly, we used a ribonuclease protection assay to monitor the presence of CYLD mRNA in B6 and MOLF peritoneal macrophages using a full-length CYLD-specific probe. After stimulation with a time course of LPS, the amount of CYLD mRNA showed a modest increase relative to GAPDH expression (Fig. 5B) . Remarkably, LPS stimulation of MOLF macrophages caused a depletion of CYLD mRNA levels after 2 h and left less than 20% of the starting amount after 4 h.
To quantitatively assess differential expression of CYLD transcripts in peritoneal macrophages, we used an isoform-specific TaqMan qPCR probe spanning exons 7 and 8 and found that MOLF macrophages down-regulated CYLD after LPS stimulation, which was in striking contrast with B6 cells that significantly up-regulated CYLD (Fig. 5C ). Combined with data from the RNase protection assay, we established that MOLF macrophages acutely down-regulate the mRNA that encodes the full-length isoform of CYLD upon stimulation with LPS. To confirm the size and levels of endogenous CYLD mRNA after stimulation with IMQ or LPS, we used Northern blot hybrid- A, CYLD-specific PCR and sequencing of clones obtained from 5Ј rapid amplification of cDNA ends shows full-length (FL) and splice (SP) CYLD isoforms in unstimulated (UN) or 4-h LPS-stimulated (100 ng/ml) cells. B, ribonuclease protection assay using CYLD-specific (top row) and GAPDH-specific (bottom row) probes on RNA samples from macrophages stimulated for 1, 2, and 4 h with LPS (100 ng/ml). Shown is the relative amount (Rel Amt) of CYLD/GAPDH in each sample as determined by densitometry. C, quantitative RT-PCR was performed using a full-length, CYLD-specific TaqMan probe after LPS stimulation (4 h). Values are presented as relative units (RU) normalized to GAPDH. D, Northern blot on RNA samples of macrophages stimulated for 4 h with LPS (100 ng/ml) or IMQ (5 g/ml) using a CYLD-specific probe. 28 S rRNA ethidium bromide staining was the loading control. E, B6 and MOLF peritoneal macrophages unstimulated or stimulated with LPS with zVAD (LPSϩZ) for 6 h. Lysates were analyzed by Western blot analysis for CYLD protein levels with GAPDH as a loading control. Densitometry measured the fold change of the CYLD/GAPDH ratio relative to unstimulated levels within each mouse strain. F, LPS-stimulated peritoneal macrophages were cross-linked and lysed, and DNA was sheared by sonication. RNA polymerase II ChIP was performed. Quantitative real-time PCR was performed at locations in the Cyld promoter indicated in reference to the TSS. Shown is the mean Ϯ S.E. (C and F) of pooled data from three independent experiments (C) or from one representative experiment (F) (of two independent experiments). Statistical significance was determined by Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.001.
ization. Unstimulated B6 and MOLF macrophages showed a similar expression of the full-length isoform of CYLD. MOLF macrophages down-regulated CYLD mRNA levels after 4 h of stimulation with either agonist (Fig. 5D) . This, to our knowledge, is the first report of TLR activation acutely down-regulating CYLD mRNA.
To confirm that the down-regulation of the full-length CYLD isoform observed at the mRNA level also occurs at the protein level, we performed SDS-PAGE and Western blotting for CYLD in B6 and MOLF macrophages. Peritoneal macrophages were stimulated for 6 h with LPS in the presence of zVAD, which was used to approximate the conditions used in the necroptosis assays (Fig. 2) . The addition of zVAD isolates our analysis to changes in CYLD protein levels independent of CYLD cleavage by caspase 8 (18) . In support of the mRNA analysis, CYLD was down-regulated nearly 2-fold in MOLF peritoneal macrophages after activation with LPS and zVAD, whereas there was a more than 5-fold increase in CYLD protein levels in B6 macrophages (Fig. 5E) . Taken together, analysis of mRNA levels and protein expression of CYLD revealed TLR-induced, acute down-regulation of CYLD in MOLF macrophages.
Stimulus-dependent down-regulation of CYLD mRNA in MOLF macrophages is a novel mechanism of regulation of CYLD in MOLF macrophages that has not been described previously. The nearly 2-fold decrease of CYLD in MOLF may not reflect the full impact of lower CYLD activity in MOLF. Following NF-B activation, CYLD is phosphorylated, and its enzymatic activity decreases (40) . More rapid synthesis of de novo CYLD by B6 macrophages to replace phosphorylated CYLD that has lost its deubiquitinase activity may underlie the increased sensitivity to necroptosis in these cells compared with MOLF macrophages. Further analysis of CYLD mRNA expression at protein turnover is required for full assessment of the mechanism of CYLD down-regulation.
Differential Transcriptional Regulation of CYLD in Wild-derived Mice-Because sequencing did not reveal a genetic lesion in close proximity to Cyld, we investigated whether the downregulation observed in MOLF macrophages is a result of a difference in stability mediated by the 3Ј UTR or a change in promoter activity. No mutations in the 3ЈUTR were uncovered in MOLF, making a cis-acting difference between the strains that is regulated through the 3Ј UTR unlikely. The broad region on chromosome 1 linked to MOLF resistance contains miR-181b, which has been shown to negatively regulate CYLD (41) . However, we found no difference in expression levels of this microRNA by real-time PCR. Additionally, sequencing of the CYLD promoter in MOLF and B6 up to 2kB upstream of the transcription start site (TSS) found no mutations between the strains.
Because CYLD regulation occurs at the RNA level, we further investigated the activity of the promoter region using ChIP with RNA Pol II. Through interaction with a number of transcription factors at the promoter region of a gene, RNA Pol II forms a preinitiation complex at the TSS (42) . However, promoter pausing of RNA Pol II soon after transcriptional initiation is a normal regulatory step in some, if not most, genes (43) . Thus, we examined whether the Cyld locus differs in RNA Pol II recruitment between B6 and MOLF LPS-stimulated peritoneal macrophages by ChIP with RNA Pol II antibody (Fig. 5F ).
Although no significant differences in RNA Pol II accumulation were noted at the proximal (-300-bp) or distal (-700-bp) promoter regions, a modest increase in RNA Pol II was noted in B6 macrophages at the TSS, and a significant increase was observed at intron 1 (ϩ300 bp) downstream of the TSS. RNA Pol II pausing is mostly noted at regions immediately downstream of the TSS, and these data suggest that RNA Pol II is stalled or paused in B6 macrophages to a greater extent than in MOLF macrophages. RNA Pol II pausing is often associated with expressed genes and is rarely, if ever, associated with unexpressed genes (44) . Genome-wide ChIP sequencing data in primary murine B cells confirms that this region is subject to similar regulation in other cell types. 3 Taken together, these results strongly suggest that a difference in transcription at the Cyld locus associated with a loss of RNA Pol II pausing may be the underlying reason for the acute down-regulation in CYLD following TLR stimulation in MOLF macrophages, leading to less CYLD deubiquitinase activity on RIP1.
CYLD Expression and Susceptibility to Necroptosis Are Restored in MOLF BMDM-To demonstrate that re-expressing CYLD in MOLF peritoneal macrophages can reverse the resistance to necroptosis, we attempted to express CYLD in this cell type by lentiviral infection and transfection. Disappointingly, MOLF peritoneal macrophages in culture were not amenable to this manipulation because the prolonged duration of culture time required to exogenously express CYLD led to cytotoxicity before we were able to assay these terminally differentiated cells.
We then planned to examine an experimental macrophage model that is more easily manipulated by lentiviral infection to address whether re-expression of MOLF CYLD is sufficient to induce susceptibility to TLR-induced necroptosis. We examined responses in B6 and MOLF BMDM, which are technically easier to manipulate than peritoneal macrophages. Surprisingly, MOLF BMDM were susceptible to necroptosis that was induced by LPS or IMQ in the presence of zVAD (Fig. 6A) . Furthermore, the full-length isoform of CYLD was up-regulated in MOLF BMDM to the same extent as B6 BMDM (Fig.  6B) . Because an expression difference rather than a coding mutation underlies the difference in CYLD regulation between the B6 and MOLF mouse strains, we can reconcile the difference between the two sources of macrophages on the basis of how effectively CYLD mRNA is transcribed after activation of TLRs. In peritoneal macrophages, the absence RNA Pol II pausing or stalling at the Cyld promoter leads to a down-regulation of CYLD mRNA and protein levels following TLR stimulation. In MOLF BMDM, factors required for in vitro differentiation activate MAPK signaling (45) and may allow cells to bypass the aforementioned regulatory mechanism, leading to up-regulation of CYLD and susceptibility to necroptosis. We recently described a similar event in the context of mannose receptor (MRC1) expression, which is required for CpG-induced TLR9 signaling in MOLF macrophages (46) . In peritoneal macrophages, MRC1 mRNA is not expressed, and MOLF cells cannot respond to CpG. However, differentiation into BMDM in vitro permits up-regulation of MRC1 and partially restores CpG responses in MOLF.
Next, we demonstrated that CYLD knockdown using a lentiviral shRNA expression system was sufficient to protect BMDM from each strain from TLR-induced necroptosis. Although siGFP controls from each strain were susceptible to LPS-induced necroptosis, CYLD knockdown protected both strains (Fig. 6C) . The knockdown efficiency for both strains was over 90% by mRNA quantitation using qPCR (Fig. 6D) , and CYLD protein levels were decreased substantially, as assessed by Western blot analysis (Fig. 6E) . Although these data do not directly show that an add-back of CYLD in peritoneal macrophages sensitizes MOLF cells to necroptosis, they demonstrate that, in settings where MOLF macrophages express CYLD, the necroptosis pathway becomes active. Additionally, CYLD knockdown prevents necroptosis in both strains, arguing that down-regulation of this gene is sufficient to cause resistance to necroptosis in both strains of mice.
DISCUSSION
The goal of this study was to investigate whether the genetic diversity of wild-derived inbred mouse strains could reveal novel mechanisms of regulation of necroptosis driven by RIP1. Despite extensive investigation of RIP1 kinase as a regulator of inflammatory signaling and cell death, little is known about its direct targets (47) . We approached this question by establishing a genetic screen dependent on the kinase activity of RIP1 and comparing two mouse strains that have been separated by approximately one million years of evolution. MOLF macrophages exhibited resistance to TLR-induced necroptosis compared with B6 macrophages. This difference in resistance was attenuated by the addition of Nec-1, implying that, in B6 peritoneal macrophages, RIP1 kinase activity makes a greater contribution toward necroptosis than in MOLF. To uncover genes that underlie this phenotypic difference, we used linkage analysis in second-generation backcross (N2) progeny. This trait proved to be a complex genetic trait linked significantly to two loci. According to our model of necroptosis resistance in MOLF macrophages, these loci exert their effect on the trait at the level of or upstream of RIP1 and contain components that render RIP1 more pronecrotic in B6 than in MOLF. Alternatively, gene candidates from these loci could be targets of RIP1 kinase that contribute to necroptosis in B6 but not in MOLF mice.
We identified Cyld as one of the genes conferring resistance in MOLF and demonstrated a novel, acute down-regulation of the full-length isoform of CYLD that leads to protection of MOLF macrophages from undergoing TLR-induced necroptosis. Identification of CYLD provided proof of principle of our approach because the identified gene fit into the model of exerting its effect at the level of or upstream of RIP1, and CYLD has been shown to be a necroptosis-promoting protein (18, 20) . Additionally, we demonstrated in this study that CYLD is required for TLR-induced necroptosis that occurs without autocrine TNF signaling. The second locus linked to MOLF resistance in the area of the microsatellite marker D1Mit102 also shows significant linkage. However, the linked genomic region is too large to investigate at the level of gene candidates. We plan to produce more meioses to increase the number of recombinations in this region and narrow the size of this locus via high-resolution mapping.
On the basis of our mapping and biochemical analysis data, we propose that differential regulation of RIP1 in MOLF and B6 macrophages underlies their differences in phenotype. According to our model, activation of MOLF macrophages with TLR ligands leads to acute down-regulation of CYLD at the mRNA and protein levels, leading to lower CYLD deubiquitinase activity in MOLF peritoneal macrophages, allowing RIP1 to persist in its ubiquitinated state and polarizing MOLF cells away from necroptotic signaling. In contrast, B6 macrophages exhibit a higher CYLD activity because of its up-regulation, promoting deubiquitination of RIP1, which commits cells to necroptotic death.
With respect to the biology of CYLD, our study revealed a novel regulation of CYLD at the RNA level following TLR stimulation in MOLF peritoneal macrophages. Our findings add to previous work showing that CYLD down-regulation occurs during infection with Sendai virus in the presence of TNF in 293EBNA cells (48) , linking the capability of MOLF macrophages to down-regulate CYLD in a signal-dependent fashion with that of human cells, albeit under different conditions. Although CYLD expression has been described widely to be decreased in multiple cancers (49 -54) , its stimulus-dependent regulation is less clear. Different studies have identified NF-B (55) and serum response factor (56) as positive regulators of CYLD expression. However, the capability to up-regulate CYLD appears to be agonist-specific (57). Our study in wildderived mice suggests that further investigation to determine the importance acute down-regulation of CYLD in cell death, proinflammatory signaling, or interferon responses is warranted using mouse strains of diverse genetic backgrounds and human cells in disease models.
Additionally, this work provides insight into how CYLD is regulated at the transcriptional level involving RNA Pol II pausing or stalling. Our data suggest that, in addition to its posttranslational cleavage by caspase 8 (18) , CYLD transcriptional down-regulation can prevent the induction of necroptosis. This is perhaps the first time that a regulatory step involving RNA Pol II pausing has been linked to a genetic difference in mouse strains that results in different biological responses to pathogenic signaling. Although we were unable to determine a specific mutation within 2 kilobases of the TSS that explains the lack of RNA Pol II recruitment to the (ϩ300) region in MOLF Cyld, regions of the genome proximal or distal from this location may be mutated so that they affect binding of other factors, like enhancer elements, that could alter the chromatin structure in the Cyld locus (58) . Despite this drawback, the utilization of the genetically divergent wild-derived mouse model allowed us to uncover this novel, naturally occurring regulatory mechanism. Further characterization of the genes that confer resistance to necroptosis in MOLF on chromosome 1, elucidation of how MOLF utilizes RIP1 kinase activity for cytokine production, and fine-resolution mapping of the loci conferring this trait may provide insight into signaling components that can be investigated to more completely understand this pathway in humans. Overall, our study revealed an alternative regulation of genes required for necroptosis at the transcriptional level. The outcome of this regulation is a differential predisposition to necroptotic cell death between B6 and MOLF peritoneal macrophages. Furthermore, the ability of Necrostatin 1 to attenuate TNF production by MOLF macrophages suggests that RIP1 kinase activity contributes to the induction of cytokines and potentially other genes through a novel pathway that awaits elucidation. The contribution of RIP1 kinase activity to cytokine production is not entirely surprising, given that it is implicated in a number of spontaneous inflammation models (59, 60) driven by RIP1-dependent inflammatory events independent of cell death that represent pathologic scenarios driven by RIP1 kinase activity. Our data support that MOLF mice can be used to study death-independent models of RIP1 kinase activity promoting inflammation. Because they have a more significant component of the RIP1 kinase-driven cytokine response, they are more likely than B6 mice to reveal striking phenotypic differences that can be used to identify regulators of this pathway using genetic analysis.
